Neutralino pair production via photon-photon collisions at the ILC by Demirci, M. & Ahmadov, A. I.
ar
X
iv
:1
61
0.
09
39
8v
1 
 [h
ep
-p
h]
  2
8 O
ct 
20
16
Neutralino pair production via photon-photon collisions at the ILC
M. Demirci1, ∗ and A. I. Ahmadov2, †
1Department of Physics, Karadeniz Technical University, 61080 Trabzon, Turkey
2Department of Theoretical Physics, Baku State University, Z. Khalilov Street 23,
AZ-1148, Baku, Azerbaijan
(Dated: August 10, 2016)
We provide complete one-loop predictions for the direct production of the neutralino pairs via
photon-photon collisions which appears for the first time at one-loop level in the minimal super-
symmetric standard model at the International Linear Collider. We present a comprehensive in-
vestigation of the dependence of total cross section on the center-of-mass energy and the tanβ for
three different scenarios based on gaugino/Higgsino fractions of the neutralinos. Furthermore, by
investigating the behavior with the most relevant parameters µ and M2, we exhibit regions of the
parameter space where the enhancement of the cross section is large enough to be detectable at
linear colliders. Our analysis shows that the corresponding production cross section reaches its
highest values when the lightest neutralino χ˜01 has a dominant Higgsino component and/or the
next-to-lightest neutralino χ˜02 has a dominant gaugino component.
PACS numbers: 14.80.Nb, 13.66.Hk, 11.30.Pb, 12.60.Jv
I. INTRODUCTION
Supersymmetry (SUSY) (see, e.g., Refs. [1–3]) is
a strongly motivated candidate for physics beyond the
standard model (SM). It protects the Higgs vacuum ex-
pectation value without unnatural fine-tuning of the the-
ory parameters, allows unification of gauge couplings
at a high-energy scale, and offers a candidate for dark
matter (DM) postulated to explain astrophysical ob-
servations [4]. The minimal supersymmetric standard
model (MSSM), one of the most widely studied and well-
motivated SUSY frameworks, keeps the number of new
fields and couplings to a minimum. In contrast to the
single Higgs doublet of the SM, the MSSM contains two
Higgs doublets, which in the CP conserving case leads
to a physical spectrum consisting of the light/heavy CP -
even Higgs bosons h0/H0, a CP -odd Higgs boson A0, and
a couple of charged Higgs bosons H±. The experimen-
tally observed Higgs with mass of about 125 GeV [5, 6]
can naturally be interpreted as the light or heavy CP -
even MSSM Higgs boson [7–9]. The MSSM also predicts
many new particles such as sleptons, squarks, four neu-
tralinos χ˜0i , and two charginos χ˜
±
j
∗. In supersymmet-
ric models with R-parity [10] conservation, the lightest
neutralino χ˜01 is commonly assumed to be a weakly in-
teracting massive particle, which is consistent with the
observations of a DM candidate (for a review, see, e.g.,
Refs. [11, 12]) in the form of the lightest supersymmet-
ric particle (LSP). It also emerges as the final particle
of the decay chain of each the supersymmetric particles
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∗ The neutralinos/charginos are the mass eigenstates formed from
the linear superposition of the neutral/charged superpartners of
the electroweak gauge bosons and Higgs doublets (the so-called
gauginos and Higgsinos, respectively).
(or sparticles, for short) and escapes from the detector
without interacting. If the lightest neutralino χ˜01 is in-
deed the LSP, supersymmetric dark matter is suggested
to be detected directly in present or forthcoming exper-
iments [13]. Accordingly, a detailed investigation of the
lightest neutralino is essential for providing information
regarding the phenomenological and theoretical aspects
of SUSY.
One of the most important goals of many colliders,
particularly the LHC, is to discover sparticles (or any
other sign of physics beyond the SM). Although SUSY
retains strong theoretical arguments in its favor, no evi-
dence of sparticles has yet been found frommany searches
for SUSY carried out at the LHC. These experimen-
tal searches which mainly focus on the production of
the strongly interacting sparticles (such as squarks and
gluinos) have pushed up the mass limits of these particles
into the TeV region, depending on details of the assumed
parameters [14–17]. Unlike the colored sparticles, the
bounds on masses of sleptons, charginos, and neutralinos
are relatively weak, particularly for the region of the com-
pressed spectrum. On the other hand, naturalness sug-
gests that neutralinos, charginos, and third-generation
sparticles must be sufficiently light (a few hundreds of
GeV) to produced at the TeV scale [18]. The bound on
the mass of the neutralino χ˜01 is given by mχ˜01 & 46 GeV
at 95% CL, derived from the lower bound on the chargino
mass in the MSSM with gaugino mass unification at
the large electron positron collider (LEP) [19]. In the
constrained MSSM including both sfermion and gaug-
ino mass unification, however, the bound reaches to well
above 100 GeV from the powerful constraints set by the
recent LHC data [20]. A hunt related to the discovery (or
exclusion) of any sparticles is still ongoing at the LHC.
In anticipation of much heavier colored sparticles,
therefore, we are led to consider a more challenging
search strategy, namely, the SUSY signals only from the
electroweak sector, the neutralinos and charginos. In
2scenarios where masses of colored sparticles are larger
than a few TeV, the direct production of neutralinos and
charginos can be the dominant process of SUSY at the
LHC. However, this production mode at the LHC suf-
fers from both relatively small rates and large SM back-
grounds [21–23]. This motivates the complementary ex-
periments at future linear colliders with low backgrounds
and easy signal reconstruction. Particularly, a linear col-
lider would be best suited for producing the lighter spar-
ticles. Linear-collider experiments could focus on one
type of sparticle at a time, measuring their properties
precisely enough to detect the symmetry of SUSY and to
reveal the supersymmetric nature of DM.
Recently, there has been a proceeding effort for the In-
ternational Linear Collider (ILC) designed to give facili-
ties for electron-positron, electron-electron, and photon-
electron collisions. The main goal at the ILC is to be a
good complementarity of the LHC results and also open
new windows in the phenomenological part of the physics
beyond SM such as SUSY, little Higgs models, and ex-
tra gauge bosons. The ILC compared to the LHC has
a cleaner background, and it is possible to extract the
new physics signals from the background more easily.
The ILC is the most advanced design as a future lep-
ton collider laid out for the center-of-mass energy range
of
√
s = 90-1000 GeV [24–26]. The Compact Linear
Collider (CLIC) is also another project which aims to
work on a concept for a machine to collide electrons and
positrons head on at energies up to several TeV. In case a
drive beam accelerator technology could be applied, the
CLIC is expected to be accessible at an energy frontier
of around 3000 GeV [26, 27].
The production of neutralinos/charginos begins to
come into question as a “discovery channel” of SUSY.
Particularly, the production of the neutralinos χ˜01 and χ˜
0
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at the ILC can yield significant information about the
SUSY-breaking mechanism and the nature of the dark
matter. The ILC can separate the chargino and neu-
tralino contributions in many cases, providing mass and
cross section measurements at the O(1)% level [28]. Par-
ticularly, precise predictions for the pair production of
neutralinos are significant to derive mass exclusion limits
and, should SUSY be realized in nature, to accurately
measure the masses and properties of the neutralinos
and other sparticles. Motivated by the above consid-
erations, we investigate the center-of-mass energy and
the most relevant model parameters dependencies of the
neutralino pair production via the process γγ → χ˜0i χ˜0j
with complete one-loop Feynman diagrams at the ILC,
considering the allowed parameter region in the MSSM.
We also analyze the impact of the individual contribu-
tions coming from different types of diagrams on the size
of the cross section. There have been few papers dedi-
cated to the investigations of this process in the literature
as follows. The neutralino pair production via photon-
photon fusion in the framework of minimal Super Gravity
(mSUGRA) with some typical parameter sets has been
previously investigated in the Ref. [29] as a function of
neutralino mass and tanβ, and the contribution to the
cross section is said to be predominantly from s-channel
diagrams in the resonant effect energy region. Consid-
ering the helicity nature of the cross sections, a detailed
analysis of the process γγ → χ˜0i χ˜0j at a γγ linear collider
has been carried out in Ref. [30] for several benchmark
points in the mSUGRA and the gauge mediated super-
symmetry breaking (GMSB) models, and this process is
emphasized to be very sensitive to the actual values of
the various MSSM parameters and details of the neu-
tralino mixings in particular. The production rates of
neutralino pairs via photon-photon collisions at the one-
loop level including all possible Feynman diagrams in a
future photon collider, especially the angular dependence
of the cross section, have been calculated in the Ref. [31]
for four different SUSY benchmark points presented in
light of LHC8, and it has been concluded that the con-
tribution to the cross section is mainly from the box-type
diagrams. We note that our results are consistent with
those obtained in Refs. [30, 31].
Unlike the above-mentioned works, within the present
work, the most outstanding feature of our approach is the
mechanism in selecting the input parameters. The rele-
vant Lagrangian parameters are recovered as direct an-
alytical expressions of appropriate physical masses with-
out any restrictions on them in the MSSM. As a matter
of fact, we mainly carry out the algebraically nontrivial
inversion in order to obtain Higgsino and gaugino mass
parameters. More explicitly, we can say that using tanβ
and masses of charginos as input parameters, then we get
the other ones being Higgsino/gaugino mass parameters,
neutralino masses, and mixing matrix.
The rest of the present work is organized as follows. In
Sec. II, we present the corresponding Feynman diagrams
and briefly review the standard formulas related to the
calculation of cross section for neutralino pair production
via photon-photon collisions in the linear colliders. We
then provide information on how we have carried out the
numerical evaluation. In Sec. III, we present some def-
initions corresponding to our method and input param-
eters. In Sec. IV, we give numerical results and discuss
the corresponding SUSY parameter dependences of the
cross section for each scenario in detail. Finally, Sec. V
is devoted to conclusions and the highlights of the study.
II. CALCULATION OF CROSS SECTION FOR
THE NEUTRALINO PAIR PRODUCTION IN
PHOTON-PHOTON FUSION
For producing the lighter supersymmetric particles
such as neutralinos and charginos, a linear collider would
be best suited. The production of a pair of neutralinos in
the linear colliders can occur via either electron-positron
annihilation or photon-photon collision. In finding the
existence of neutralinos, however, photon-photon colli-
sion at a linear collider has an advantage over the situa-
tion of a linear collider operating in the electron-positron
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FIG. 1. Box-type diagrams contributing to the process γγ → χ˜0i χ˜0j at one-loop level.
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FIG. 2. Quartic coupling-type diagrams contributing to the process γγ → χ˜0i χ˜0j at one-loop level.
collision mode, where the resonance effects of the inter-
mediate neutral Higgs bosons could be observed only at
some specific center-of-mass energies of the collider and
the production rate of neutralino pairs would be mostly
reduced by the possible s-channel suppression. We con-
sider the process of the neutralino pair production via
photon-photon collision at one-loop level, which is de-
noted by
γ(p1)γ(p2)→ χ˜0i (k1)χ˜0j (k2), (2.1)
where, as usual, after each particle we have put the no-
tations for its 4-momenta in parentheses. There is no
tree-level amplitude for this subprocess, and it arises for
the first time at one-loop level. With the help of the
FeynArts (version 3.9) [32], we generate a complete set
of Feynman diagrams contributing to the subprocess at
the one-loop level in the MSSM. These diagrams are dis-
played in Figs. 1 to 3. We note that there is also another
set of diagrams not explicitly shown in the figures where
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FIG. 3. Triangle-type diagrams contributing to the process γγ → χ˜0i χ˜0j at one-loop level.
particles are running counterclockwise in each loop. The
internal particles in diagrams are labelled as follows: the
label S0 represents all neutral Higgs/Goldstone bosons
h0, H0, A0, G0, and the label f˜wm (fm) refers to scalar
fermions (fermions) e˜wm, u˜
w
m, d˜
w
m (em, um, dm). The sub-
script m and superscript w refer to the generation of
(s)quark and the squark mass eigenstates, respectively.
The label k running from 1 to 2 represents the type of
the charginos. Moreover, [G,W ] represents that the loop
can consist of all possible combinations of these bosons.
Any one-loop amplitude could be given as a linear
sum of triangle, box, bubble, and tadpole one-loop in-
tegrals. In light of this, the one-loop Feynman diagrams
contributing to the subprocess (2.1) can be divided into
three kinds of groups in terms of the one-loop correction
type. These are the box-type, triangle-type, and quar-
tic coupling-type diagrams. We have drawn all possible
box diagrams, which include the loops of quarks, leptons,
squarks and sleptons of three generations, charginos χ˜±1,2,
W -boson, charged Higgs boson, and charged Goldstone
boson as displayed in Fig. 1. These diagrams have t- and
u-channel contributions. In Fig. 2, we show all possi-
ble quartic interaction diagrams which consist of bubbles
(q1−6) connected to the final state through an intermedi-
ate Z, or neutral Higgs or Goldstone boson, and triangle
loop (q7, q8) of the W -boson, charged Higgs, Goldstone
boson, charginos χ˜±1,2, sfermions, and fermions directly
connected to the final state. In Fig. 3, we plot all trian-
gle diagrams which include triangle vertices (t1−6) con-
nected to the final state through an intermediate Z, or
neutral Higgs or Goldstone boson. Feynman diagrams
q1−6 in Fig. 2 and t1−6 in Fig. 3 are referred to as s-
channel diagrams. It is obvious that the resonant effects
can be observed only in the bubbles-type (q1−6) and tri-
angle diagrams (t1−6) at some specific center-of-mass en-
ergy due to the intermediated neutral Higgs bosons. It
should be emphasized that the couplings of the neutralino
to particles appearing in diagrams are directly propor-
tional to the elements of the neutralino mixing matrix
Nij (i, j = 1, ..., 4). This matrix also controls the gaug-
ino/Higgsino fractions of the neutralinos. Therefore, the
amplitude of the contribution coming from the different
channel diagrams can be dominated by purely gaugino or
purely Higgsino or mixed gaugino-Higgsino production.
Since the process γγ → χ˜0i χ˜0j in the lowest order has
only one-loop contributions, the relevant amplitude could
be simply calculated by summing all unrenormalized re-
ducible and irreducible contributions at one-loop level.
As a result, we can get the result to be finite and gauge
invariant. In calculations, therefore, it is not necessary
to take into account the renormalization for ultraviolet
divergence which should be canceled automatically. The
corresponding Lorentz-invariant matrix element† can be
given as a sum over contributions coming from box-type,
quartic-type, and triangle-type diagrams in the form
M =Mbox +Mquartic +Mtriangle, (2.2)
where there appear a relative sign (−1)δij between the
amplitudes of one diagram and its counterpart occurring
by interchanging the final states due to Fermi statistics.
Using the total matrix element (2.2), the total partonic
cross section for the subprocess in unpolarized photon-
photon collisions can be calculated by
σˆ(sˆ, γγ → χ˜0i χ˜0j) =
1
16πsˆ2
(
1
2
)δij ∫ tˆ+
tˆ−
dtˆ
∑
|M|2,
(2.3)
where the upper and lower bounds of the inte-
gral are defined as tˆ± = 1/2
[
(m2i + m
2
j − sˆ) ±√
(sˆ−m2i −m2j)2 − 4m2im2j
]
. The factor
(
1
2
)δij
in the
above equation is due to the identical neutralinos in the
final state. The bar over the sum refers to the average
over initial spins.
† We do not present an explicit expression for matrix element since
it is too lengthy to include here.
5The photon-photon collision can be realized at the fa-
cility of the International e+e− Linear Collider. Then,
the neutralino pair via photon-photon collision is pro-
duced as a subprocess of electron-positron collisions at
the ILC. Having computed the partonic cross section
with Eq. (2.3), the total cross section of the neutralino
pair production via photon-photon collisions in electron-
positron colliders could be readily obtained by using the
formula
σ(s, e+e− → γγ → χ˜0i χ˜0j) =∫ xmax
(m
χ˜0
i
+m
χ˜0
j
)/
√
s
dz
dLγγ
dz
σˆ(γγ → χ˜0i χ˜0j ; sˆ = z2s) , (2.4)
with the photon luminosity
dLγγ
dz
= 2z
∫ xmax
z2/xmax
dx
x
Fγ/e(x)Fγ/e
(
z2
x
)
, (2.5)
where
√
sˆ and
√
s are the center-of-mass energies of γγ
and e+e− collisions, respectively, and Fγ/e(x) is the pho-
ton structure function of electron beam, depending on
fraction x of the longitudinal momentum of the electron
beam [33]. The quality of the photon spectra is better
for higher x. Nevertheless, the high-energy photons for
x > 2(1 +
√
2) ≈ 4.8 can vanish via the production of
an electron-positron pair in its collision with a following
laser photon. That is why the maximum fraction of the
photon energy is chosen as xmax = 0.83. One of the best
methods of producing intense photon beams is the use of
inverse Compton scattering of laser light by the electron
beam of a linear accelerator. For the photon structure
function, we take the energy spectrum of the initial-state
photons provided as Compton backscattered photons off
the electron beams [33].
We take into account all the possible one-loop-level di-
agrams, which are generated by using FeynArts (version
3.9) [32]; therefore, our calculations result in a finite re-
sult without the need of the renormalization procedure
as mentioned above. We perform numerical calculations
in the ’t Hooft-Feynman gauge where the photon polar-
ization sum is given by
∑
λ ǫ
∗
µ(k, λ)ǫν(k, λ) = −gµν. We
carry out the numerical evaluation using the Mathemat-
ica packages FeynArts to obtain the relevant amplitudes
in (2.2), FormCalc (version 9.2) [34] to supply both the
analytical results and a complete Fortran code for nu-
merical evaluation of the squared matrix elements, and
LoopTools (version 2.13) [35] to make the evaluation of
the necessary one-loop scalar and tensor integrals. In ad-
dition, properties of Higgs bosons in the MSSM are com-
puted with the help of the FeynHiggs (version 2.11.3)
[36]. In the numerical treatment, we use the Compton
backscattered photons interfaced via the CompAZ code
[37] for the photon structure function.
III. PARAMETER SETTINGS
In this section, we briefly give some details regarding
our method and input parameters. During our numerical
evaluations, we have considered the assumptions and ap-
proaches in our previous works [23, 38, 39] for the gaug-
ino/Higgsino sector. The soft SUSY-breaking gaugino
mass parameters M1 related to the U(1), M2 related to
the SU(2), and the Higgsino mass parameter µ could be
taken to be real and positive. Furthermore, the gaug-
ino mass parameter M1 is commonly fixed by way of the
relation M1 =
5
3M2 tan
2 θW ≃ 0.5M2. The parameters
M2 and µ are analytically derived by taking the suitable
difference and sum of the chargino masses as shown in
Eqs. (A13) and (A14) in Ref. [39]. Consequently, there
appear three different cases in the selection of the gaug-
ino/Higgsino mass parameters M2 and µ. These are the
Higgsino-like, gauginolike, and mixture case, separately.
To examine the phenomenological consequences in a most
general approach, we consider the three possible scenar-
ios. For more details on the definition of these scenarios,
we refer to Ref. [39]. We set the chargino masses as
mχ˜±
1
= 214.31 GeV, mχ˜±
2
= 671.56 GeV (3.1)
for both Higgsino-like and gauginolike scenarios and
mχ˜±
1
= 271.68 GeV, mχ˜±
2
= 396.13 GeV (3.2)
for the mixture-case scenario. Then, for given any
tanβ, the values of parameters M2 and µ in each sce-
nario are calculated by using values given in Eqs. (3.1)
and (3.2). Subsequently, neutralino masses for each sce-
nario are computed, depending on the values of µ and
M2. Furthermore, in view of the constraints derived on
SUSY parameters from available experimental data, es-
pecially the LHC results from the 7 and 8 TeV data
for the direct SUSY research [14–17], we set the soft
SUSY-breaking parameters for the entries of mass ma-
trices in the slepton and squark sector to be equal as
ML˜,E˜ = 1 TeV and MQ˜,U˜,D˜ = 2 TeV, respectively, and
fix tanβ = 10, mA0 = 1000 GeV, and At,b,τ = 2700 GeV
where mA0 is the mass of the pseudoscalar Higgs boson
and At,b,τ are the trilinear couplings. Moreover, we take
the input parameters for the SM, mW = 80.385 GeV,
mZ = 91.1876 GeV, α
−1 = 137.036, and α(m2Z )
−1 =
127.934 [20], and ignore the masses of the light quarks.
We give a list of the Higgsino/gaugino mass parameters
and the masses of the neutral/charged Higgs bosons and
neutralinos, which have been obtained according to the
above default parameters, for each scenario in Table I.
Here, the masses of Higgs bosons have been calculated
to two-loop accuracy by using the FeynHiggs. Note that
one can always adjust the squark masses and the trilinear
couplings in order to ensure a correct Higgs boson mass.
The mass of the lightest Higgs boson is obtained to be
consistent with the SM predictions.
It is well known that in terms of the elements of the
mixing matrix N , neutralinos are constructed by the fol-
6TABLE I. The Higgsino/gaugino mass parameters, masses of Higgs bosons, and neutralinos for each scenario, where all masses
are given in GeV.
M2 µ M1 mh0 mH0 mH± mχ˜0
1
mχ˜0
2
mχ˜0
3
mχ˜0
4
Higgsino-like 660.00 220.00 315.51 125.93 1000.08 1003.34 202.23 224.37 325.58 671.59
Gauginolike 220.00 660.00 105.17 124.92 1000.08 1003.34 103.95 214.36 663.92 670.61
Mixture case 330.00 330.00 157.76 125.52 1000.10 1003.37 152.33 274.03 335.47 396.61
TABLE II. The gaugino/Higgsino fractions of the lightest and the next-to-lightest neutralinos for each scenario. Here, note
that the sum of these fractions is equal to 1 for each type of neutralino.
χ˜01 χ˜
0
2
|N11|2 + |N12|2 |N13|2 + |N14|2 |N21|2 + |N22|2 |N23|2 + |N24|2
Higgsino-like 0.090 0.910 0.006 0.994
Gauginolike 0.995 0.005 0.978 0.022
Mixture case 0.956 0.044 0.536 0.464
lowing mixture of gaugino and Higgsino components:
χ˜0i = Ni1B˜ +Ni2W˜
3 +Ni3H˜
0
1 +Ni4H˜
0
2 (3.3)
It is obvious from Eq. (3.3) that the quantities |Ni1|2 +
|Ni2|2 and |Ni3|2 + |Ni4|2 represent to the rate of the
gaugino component and Higgsino component which are
contained in a neutralino χ˜0i , respectively. These quan-
tities are often referred to as the gaugino fraction and
Higgsino fraction of the neutralino and can be used to
easily determine the nature (character) of the neutralino.
We can point out that both the lightest neutralino χ˜01
and the next-to-lightest neutralino χ˜02 have a dominant
Higgsino component in the Higgsino-like scenario and a
dominant gaugino (bino or wino) component in the gaug-
inolike scenario as seen from Table II. Moreover, in the
mixture-case scenario, the neutralino χ˜01 has a relatively
large gaugino component, while the neutralino χ˜02 con-
sists of gaugino and Higgsino components being almost
equal to each other‡. In light of these scenarios, thus, one
can easily determine what components of the produced
neutralinos are more dominant when the enhancement of
cross section is large enough to be detectable at the ILC.
IV. NUMERICAL RESULTS AND DISCUSSION
In this section, we discuss in detail the numerical pre-
dictions of the neutralino pair production via photon-
photon fusion at the ILC, focusing on gaugino/Higgsino
fractions of the neutralinos. For representative parameter
points of each scenario given in Table I, we have carried
‡ Additionally, unlike the scenario considered in this study, there
appear other hierarchies between Higgsino and gaugino mass pa-
rameters µ, M1,M2. For instance, M1 < µ < M2; if this hier-
archy were considered, a situation in which the neutralino χ˜01 is
mostly gaugino and the neutralino χ˜02 is mostly a Higgsino would
be easily gotten.
out numerical evaluation of the total cross sections of
process e+e− → γγ → χ˜0i χ˜0j as a function of the center-
of-mass energy and the tanβ and subprocess γγ → χ˜0i χ˜0j
on the M2-µ mass plane for i = j = 1, 2
§. To exam-
ine how the contributions of different types of diagrams
have effects on the total cross section, we have also com-
puted the individual contributions stemming from each
type of diagram as a function of the center-of-mass en-
ergy. Note that, during our calculations, we have numer-
ically checked the cancellation of divergences appearing
in the loop contributions, giving, as expected, a finite re-
sult without the need of the renormalization procedure.
We use the following shorthand: HL is Higgsino-like, GL
is gauginolike, and MC is mixture-case.
In Figs. 4 through 6, we show the dependence of the
total cross sections and the individual contributions com-
ing from different types of diagrams on the center-of-mass
energy ranging from 200 to 1100 GeV for the neutralino
pair production via photon-photon fusion in the parent
e+e− collider. In these figures, the abbreviations “box”,
“bub”,“qua”,“tri” and “all” correspond to the contribu-
tions of box-type (diagrams b1−12 in Fig. 1), bubble-type
(diagrams q1−6 in Fig. 2), quartic-type (diagrams q7 and
q8 in Fig. 2), triangle-type (diagrams t1−6 in Fig. 3)
diagrams, and the sum of all the considered Feynman
diagrams, respectively. Also, the “tri+bub” is referred
to as the contribution arising from interference between
triangle-type and bubble-type diagrams. These plots
reveal that the total cross sections are getting bigger
very quickly in a small interval of center-of-mass en-
ergy at which the production is kinematically possible
§ We note that the final state χ˜0
1
χ˜0
1
is invisible in an R-parity in-
variant theory where the lightest neutralino χ˜0
1
is the LSP. For
completeness, we have also provided a calculation of the pro-
duction χ˜01χ˜
0
1. However, it could be investigated indirectly by γ
tagging in the final state γχ˜01χ˜
0
1 (see Ref. [40]), which can be
observed with a rather high accuracy at a linear collider.
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FIG. 4. (color online). Total cross section (the upper left panel) and the individual contributions coming from different types of
diagrams (the other panels) for the process e+e− → γγ → χ˜01χ˜01 vs the center-of-mass energy of the e+e− collider. The inserts
show the contributions of the box-type and all diagrams with varying center-of-mass energy from 700 to 900 GeV.
for the first time and then continue to increase slowly
and remain almost stable with increments of the center-
of-mass energy for each scenario. When the center-of-
mass energy of the e+e− collider is in the vicinity of
1100 GeV, the total cross sections remarkably increase
(i.e., the resonance effects of the intermediate neutral
Higgs bosons for
√
s & 1100 GeV, which are not explic-
itly shown in the figures, appear) because the maximum
center-of-mass energy of incoming photons is close to√
sˆ ∼ 0.83√s < mH0,A0 . One can say that there appear
energy-dependent structures of the total cross section at
the center-of-mass energy being close to the sum of the
masses of intermediate particles as well as resonance ef-
fects due to diagrams involving the intermediate neutral
Higgs boson H0 or A0. Moreover, it is clearly seen that
the process e+e− → γγ → χ˜0i χ˜0j is mostly dominated by
the Higgsino-like scenario in the case of i = 1, j = 1; the
micture-case scenario in the case of i = 1, j = 2; and
the gauginolike scenario in the case of i = 2, j = 2. Fur-
ther, a detailed analysis indicates that the largest values
of the cross section are obtained when the lightest neu-
tralino χ˜01 has a dominant Higgsino component and/or
the next-to-lightest neutralino χ˜02 has a dominant gaug-
ino component. The sizes of the total cross sections are
at a visible level of 10−1 fb for e+e− → γγ → χ˜01χ˜01 in
the HL scenario, 10−2 fb for e+e− → γγ → χ˜01χ˜02 in
the MC scenario, and 101 fb for e+e− → γγ → χ˜02χ˜02
in the GL scenario. In particular, the total cross sec-
tion of the production of χ˜02χ˜
0
2 reaches a value of 2.23
fb at
√
s = 900 GeV and may be more observable than
others at the ILC for the GL scenario. Furthermore,
the cross sections are sorted in descending order ac-
cording to our scenarios as σ(HL)> σ(MC)> σ(GL) for
i = 1, j = 1; σ(MC)> σ(GL)> σ(HL) for i = 1, j = 2;
and σ(GL)> σ(MC)> σ(HL) for i = 2, j = 2. We remark
that the basic size of the total cross sections differ by few
orders of magnitude, depending on the gaugino/Higgsino
fractions of the produced neutralinos.
Let us now analyze the effects of individual contribu-
tions stemming from different types of diagrams, which
are shown in the upper right (for the GL scenario) and
the lower panels (for the MC and HL scenarios) of Figs. 4-
6. Note that for
√
s > 1050 GeV some data points of in-
dividual contributions are not marked in these figures be-
cause these are becoming very large due to the resonance
effects. We clearly see that the dominant individual con-
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FIG. 5. (color online). Total cross section (the upper left panel) and the individual contributions coming from different types of
diagrams (the other panels) for the process e+e− → γγ → χ˜01χ˜02 vs the center-of-mass energy of the e+e− collider. The inserts
show the contributions of the box-type and all diagrams with varying center-of-mass energy from 700 to 900 GeV.
tribution can change according to the scenarios. This
means that it depends on gaugino/Higgsino fractions of
the neutralinos. The contributions coming from the box-
type diagrams for the HL scenario and both bubble- and
triangle-type diagrams (i.e., the s-channel diagrams) for
the GL and MC scenarios have a greater effect on the
production cross section of χ˜01χ˜
0
1. For the production of
χ˜01χ˜
0
2, the both types of s-channel diagrams in the HL
scenario and the box-type diagrams in the GL and MC
scenarios give a much larger contribution to the total
cross section than the others. Finally, for the production
of χ˜02χ˜
0
2, the box-type diagrams have the largest contri-
bution in all of the considered scenarios.
However, it should be emphasized that the contri-
butions of triangle-type and bubble-type diagrams are
nearly equal to each other, and the interference between
them (tri+bub) always gives a much smaller contribu-
tion than each of them (by 1-2 orders of magnitude) for
all cases since they almost cancel the contributions of
each other. As a matter of fact, they make a destructive
interference. Furthermore, the contribution of box-type
diagrams is greater than that of this interference. Al-
though the quartic-type diagrams make a positive contri-
bution to the cross section, the sum of triangle-, bubble-,
and quartic-type diagrams (tri+bub+qua) has still a low
contribution compared to the box-type diagrams. Tak-
ing into account all of these, it is worth noting that the
box-type diagrams make the main contribution to the to-
tal cross section for each scenario. Namely, the box-type
diagrams have a significant impact on production rates.
With a view to make easy precise comparisons with
the experimental results, we list a numerical survey over
our scenarios for ILC center-of-mass energies of 600 and
1000 GeV in Table III. It can be easily seen from the
above analysis and this table that the total cross section
of the process e+e− → γγ → χ˜02χ˜02 in the GL scenario
is larger than others. Therefore, this process can be said
to be the most dominant in the production of neutralino
pairs via photon-photon fusion.
We should also note that, since the masses of the
charged Higgs bosons and sfermion are fixed at the TeV
scale, the contribution of box-type diagrams b1, b3, b5,
b7, b9, and b11 in Fig. 1 with a W boson in the loop ends
up dominating over all the other ones. About 80% of the
sum contribution of box-type diagrams comes from these
diagrams. Thus, it is also possible to interpret the contri-
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FIG. 6. (color online). Total cross section (the upper left panel) and the individual contributions coming from different types of
diagrams (the other panels) for the process e+e− → γγ → χ˜02χ˜02 vs the center-of-mass energy of the e+e− collider. The inserts
show the contributions of the box-type and all diagrams with varying center-of-mass energy from 700 to 900 GeV.
TABLE III. Total cross sections and contributions of box-type, triangle-type, and bubble-type diagrams to the total cross
section of the process e+e− → γγ → χ˜0i χ˜0j (i, j = 1, 2) at the collision energies of electron-positron
√
s being 600 and 1000 GeV
for all three scenarios. Here, three dots indicate that production of a neutralino pair is not kinematically accessible for a given
energy.
σ(e+e− → γγ → χ˜01χ˜01) (fb) σ(e+e− → γγ → χ˜01χ˜02) (fb) σ(e+e− → γγ → χ˜02χ˜02) (fb)
S
√
s (GeV) Box Tri Bub All Box Tri Bub All Box Tri Bub All
HL
600 0.061 0.004 0.003 0.053 2.9·10−4 0.007 0.006 8.1·10−5 0.028 5.1·10−4 3.3·10−5 0.029
1000 0.142 0.006 0.005 0.132 6.8·10−4 0.006 0.005 2.9·10−4 0.134 2.5·10−4 1.7·10−4 0.135
GL
600 1.6·10−5 6.2·10−4 5.8·10−4 1.2·10−5 0.002 0.001 9.3·10−4 0.001 0.735 1.9·10−4 1.5·10−4 0.716
1000 1.8·10−5 3.7·10−4 3.4·10−4 1.5·10−5 0.003 0.001 6.2·10−4 0.002 2.236 6.8·10−4 5.3·10−4 2.154
MC
600 1.2·10−4 0.003 0.003 5.8·10−5 0.003 0.003 0.002 0.001 · · · · · · · · · · · ·
1000 3.6·10−4 0.002 0.002 3.9·10−4 0.021 0.008 0.006 0.019 0.487 0.004 0.003 0.469
bution of box-type diagrams in terms of a single coupling
(the neutralino-chargino-W coupling) and of the chargino
masses running in the loop. The neutralino-chargino-
W coupling is proportional to elements of the neutralino
mixing matrix Ni2, Ni3, and Ni4 [see Eq. (C83) of Ref. [2]
for corresponding coupling], namely, the wino and Hig-
gsino components of neutralino χ˜0i . The cross section of
the process e+e− → γγ → χ˜01χ˜01 in the GL scenario is
very suppressed (see Fig. 4) since in that scenario the
lightest neutralino χ˜01 is mostly a bino (due to the grand
unified theory relation betweenM1 ≃ 0.5M2) which does
not enter in such a coupling (where, indeed, the bino
component Ni1 does not appear). Furthermore, the cross
section of the process e+e− → γγ → χ˜02χ˜02 is mostly dom-
inated in the GL scenario (see Fig. 6) since the next-to-
lightest neutralino χ˜02 in this scenario is mostly a wino
10
(the wino component Ni2), which enters in such a cou-
pling.
We exhibit the dependence of the total cross section
on the tanβ varied in the range from 2 to 60 at
√
s = 800
GeV for each scenario in Figs. 7(a)-7(c). These figures
demonstrate the same dominant scenarios as the ones
in the center-of-mass energy dependence of the cross sec-
tion. The total cross section decreases with increments of
tanβ in most cases. However, for large values of tanβ, it
is not very sensitive with respect to the variation of tanβ.
That is because the neutralinos masses and mixing ma-
trix are nearly independent of the tanβ, and the depen-
dence of cross section on tanβ is mostly due to the masses
of Higgs bosons and Yukawa couplings being a function
of tanβ. Figure 7(a) displays that the cross section of
the process e+e− → γγ → χ˜01χ˜01 decreases from 0.15
to 0.13 fb in the HL scenario, 1.98×10−3 to 2.52×10−4
fb in the MC scenario, and 5.52×10−5 to 1.33×10−4 fb
in the GL scenario when the tanβ runs from 2 to 10.
Figure 7(b) shows that the cross section of the process
e+e− → γγ → χ˜01χ˜02 varies from 1.16×10−4 to 3.06×10−4
fb in the HL scenario, 0.048 to 0.014 fb in the MC sce-
nario, and 0.016 to 0.002 fb in the GL scenario when the
tanβ goes up from 2 to 10. Figure 7(c) presents that the
cross section of the process e+e− → γγ → χ˜02χ˜02 decreases
from 0.13 to 0.12 fb in the HL scenario, 0.39 to 0.29 fb in
the MC scenario, and 2.25 to 2.11 fb in the GL scenario
when the tanβ runs from 2 to 10. Also, it is obvious
from these figures that the cross section of the process
e+e− → γγ → χ˜01χ˜01 [shown in Fig. 7(a)] in the HL sce-
nario is about 3 and 4 orders of magnitude larger than
ones in the MC and GL scenarios, respectively. Further-
more, the cross section of the process e+e− → γγ → χ˜01χ˜02
[shown in Fig. 7(b)] in the MC scenario is around 8 times,
and 2 orders of magnitude larger than ones in the GL and
HL scenarios, respectively. Finally, the cross section of
the process e+e− → γγ → χ˜02χ˜02 [shown in Fig. 7(c)] in
the GL scenario is roughly 7 and 15 times larger than
ones in the MC and HL scenarios, respectively.
It is well known that the neutralino/chargino masses,
the relevant mixing matrices, and the couplings of the
neutralino/chargino to other particles depend on the
gaugino mass parameter M2 and Higgsino mass param-
eter µ. Hence, the dependence of the cross section on
these parameters can yield interesting information about
the neutralinos/charginos. More importantly, by investi-
gating the behavior with the these parameters, one can
search for regions of the parameter space where the en-
hancement of cross section is large enough to be de-
tectable at the ILC. In this context, we investigate the
effect of these parameters on the integrated cross sec-
tion of the neutralino pair production via photon-photon
collisions (γγ → χ˜0i χ˜0j) in the M2-µ mass plane by vary-
ing these parameters in the range from 100 to 1000 GeV
in steps of 20 GeV at a center-of-mass energy of γγ√
sˆ = 800 GeV for tanβ = 10, as depicted in Figs. 8(a)-
8(c). Additionally, the M2-µ mass plane is divided into
regions based on the numerical values of the quantity
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FIG. 7. (color online). Total cross sections of the process
e+e− → γγ → χ˜0i χ˜0j for (a) i = j = 1, (b) i = 1, j = 2 and
(c) i = j = 2 depending on the tanβ at e+e− colliding energy√
s = 800 GeV. Here, we use the inserts to see more clearly
the behavior of the cross section in small values of tanβ.
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FIG. 8. (color online). Contour plots of the total cross section
of the process γγ → χ˜0i χ˜0j for (a) i = j = 1, (b) i = 1, j = 2
and (c) i = j = 2 as a 2D function of the gaugino mass pa-
rameter M2 and the Higgsino mass parameter µ at
√
sˆ = 800
GeV for fixed values of tan β = 10 and M1 =
5
3
M2 tan
2 θW .
The colored bins indicate the basic size of the total cross sec-
tions (in fb) in the scan region, and the white areas represent
parameter regions where production of a given pair of neu-
tralinos is not kinematically accessible.
|Ni1|2+ |Ni2|2 such as the inequality |Ni1|2+ |Ni2|2 ≤ 0.3
representing the Higgsino-like region, the quantity 0.7 ≤
|Ni1|2 + |Ni2|2 representing the gauginolike region, and
the quantity 0.3 < |Ni1|2 + |Ni2|2 < 0.7 corresponding
to the mixture-case region for i = 1, 2. In these figures,
the white regions mean that the center-of-mass energy
is not large enough to produce a given final state of the
neutralino pair χ˜0i χ˜
0
j . We see that the cross section of the
γγ → χ˜0i χ˜0j mostly increases with increasing of M2 and
decreasing µ for the case of i = 1, j = 1, with a decrease
of bothM2 and µ for the case of i = 1, j = 2 and with de-
creasingM2 and increasing µ for the case of i = 2, j = 2.
Particularly, the cross section reaches its maximum val-
ues in the region bounded by |N11|2 + |N12|2 ≤ 0.3 for
γγ → χ˜01χ˜01 and 0.7 ≤ |N21|2+ |N22|2 for γγ → χ˜02χ˜02 into
the scan region. On the other hand, the cross section of
the process γγ → χ˜01χ˜02 usually reaches its maximum val-
ues in the intersection of the regions bounded by 0.3 <
|N11|2+|N12|2 < 0.7 and 0.3 < |N21|2+|N22|2 < 0.7. One
can conclude that pure Higgsino couplings dominate in
the case of i = 1, j = 1, whereas pure gaugino couplings
dominate in the case of i = 2, j = 2 for γγ → χ˜0i χ˜0j .
Also, a nearly equal mixture of gaugino and Higgsino
couplings dominate in process γγ → χ˜01χ˜02. These results
are in agrement with dominant scenarios which appear in
the center-of-mass energy and tanβ dependencies of the
cross section. As a consequence, it is clear that the cross
section strongly depends on the parameters M2 and µ.
Two alternative projects for linear e+e− collider are
presently under consideration: the ILC and CLIC. The
ILC is based on superconducting technology in the TeV
range, while the CLIC is based on the novel approach
of two-beam acceleration to extend linear colliders into
the multi-TeV range. The choice will be based on the re-
spective maturity of each technology and on the physics
requests derived from the LHC physics results when avail-
able. The CLIC aims at multi-TeV collision energy with
high luminosity about Le+e− ∼ 8 · 1034cm−2s−1 [41–43].
Furthermore, a photon-photon collider is one option of
the ILC in the center-of-mass energy
√
s = 250 − 1000
GeV with an integrated luminosity of 100 fb−1 per year.
This collider is expected to be upgradeable to 1 TeV with
total integrated luminosity up to 300 fb−1 yearly. At
the ILC, once the kinematical threshold is crossed for
the neutralino/chargino pair production, the signals of
neutralinos and charginos may be separated with O(1)%
measurements for the couplings and the mass resolu-
tion [40, 44]. Our results indicate that the cross sec-
tion reaches its largest values when the lightest neutralino
has a dominant Higgsino component and/or the next-to-
lightest neutralino has a dominant gaugino component.
Moreover, the sizes of the total cross sections are at a vis-
ible level of 10−1 to 101 fb. A comparison of our results
with the technical data of the ILC, hence, leads us to con-
clude that our proposed channels are likely observable at
the ILC.
Note that the decay products of a Higgsino-like next-
to-lightest neutralino are different from those of a gaugi-
12
nolike one. In our scenarios, the lightest sleptons are even
heavier than the neutralinos, thus leading to branching
fractions of 100% for decay χ˜02 → Zχ˜01 in the GL scenario
and 59% for decay χ˜02 → hχ˜01 and 41% for χ˜02 → Zχ˜01 in
the MC scenario¶. In the HL scenario, two-body decays
for the neutralino χ˜02 are not kinematically allowed since
the mass difference between the LSPs and χ˜02 are typically
small. However, if the decays of neutralino χ˜02 with a sig-
nificant Higgsino content into third-family quark-squark
pairs were opened, they would be greatly enhanced by the
top-quark Yukawa coupling. Consequently, the detection
of Higgsino-like or gauginolike next-to-lightest neutrali-
nos requires different cuts implying different efficiencies
and acceptances.
V. CONCLUSION
In this work, we have evaluated the total cross section
of the neutralino pair production via photon-photon fu-
sion, which arises for the first time at one-loop level, in
electron-positron collisions at a linear collider. We have
investigated numerically the effects of the the center-of-
mass energy, the tanβ, and the M2-µ mass plane on the
total cross section for three different scenarios, the HL,
GL, and MC, in the framework of the MSSM. Further-
more, we have analyzed the contribution of triangle-type,
bubble-type, box-type, and quartic-coupling diagrams to
the total cross section.
Our numerical results affirm that the total cross sec-
tions remarkably increase due to resonance effects of dia-
grams involving the intermediate neutral Higgs bosonH0
or A0. When considered from this point of view, inves-
tigation of the neutralino pair production via photon-
photon fusion is significant for the experimental and
phenomenological works in connection with the neutral
Higgs bosons at the linear colliders. The basic size of the
total cross sections is seen to differ by several orders of
magnitude depending on the gaugino/Higgsino fractions
of the produced neutralinos. The total cross section is
mostly dominated by the Higgsino-like scenario for the
process e+e− → γγ → χ˜01χ˜01, the micture-case scenario
for the process e+e− → γγ → χ˜01χ˜02, and gauginolike
scenario for the process e+e− → γγ → χ˜02χ˜02. In par-
ticular, the total cross section of the production of χ˜02χ˜
0
2
in the gauginolike scenario reaches a value of 2.23 fb at√
s = 900 GeV and may be more observable than oth-
ers at the ILC. Analysis of the individual contributions
of different types of diagrams to the total cross section
shows that the box-type diagrams make the main contri-
bution to the total cross section for all of the considered
scenarios due to a destructive interference occurring be-
tween the triangle- and bubble-type diagrams. It should
be noted that further enhancement of the cross section
can be seen locally as a result of the threshold effects oc-
curring because of relatively light intermediate states in
box-type diagrams.
Furthermore, it is quite obvious that the total cross
section is not very sensitive with respect to variation of
the tanβ (particularly for intermediate to larger values
of tanβ), but it is strongly dependent on the parameters
M2 and µ as expected. From the parameters M2 and
µ dependence of the cross section, we can conclude that
pure Higgsino couplings dominate in the case of i = 1, j =
1, whereas pure gaugino couplings dominate in the case of
i = 2, j = 2 for γγ → χ˜0i χ˜0j . Consequently, we can point
out that the enhancement of the cross section appears
when the lightest neutralino χ˜01 has a dominant Higgsino
component and/or the next-to-lightest neutralino χ˜02 has
a dominant gaugino component.
It should be underlined that a model-independent and
precise measurement of the cross section for neutralino
pair production via photon-photon fusion would be pos-
sible at a linear e+e− collider such as the ILC or the
CLIC, and hence the results obtained in this work will
be helpful in detecting SUSY signals, in determining
the basic SUSY parameters, and in deriving more pre-
cise bounds on neutralino/chargino masses and the cor-
responding couplings.
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